An experimental study on the behavior of hot corrosion and oxidation of SiC fiber (Hi-NicalonÔ) coated with the film of varied alkaline melts was investigated at 1000 C. The hot corrosion and oxidation of SiC fiber were characterized by specific mass loss. The tensile properties on the fibers before and after hot corrosion were evaluated by room temperature single filament test technique. The specific mass loss and strength retention after hot corrosion indicated that the corrosion effect of Hi-NicalonÔ fiber in sodium carbonate was more severe than in sodium sulfate. The corrosion effects of Na 2 SO 4 could be enhanced by addition of small amount of Na 2 CO 3 /NaNO 3 . Scanning electron microscopy (SEM) and X-ray diffractometer (XRD) revealed that the degradation of SiC fiber in corrosive and oxidative environment was mainly related to the interaction between the alkaline melts and silica scale. Furthermore, the excess carbon in Hi-NicalonÔ fiber must enhance the hot corrosion and oxidation leading to the degradation in microstructure and mechanical properties.
Introduction
SiC f /SiC composites reinforced with high performance continuous SiC fibers, retain exceptional strength and creep resistance to very high temperature and remarkably resistant to oxidizing environment (passive oxidation: oxygen partial pressure higher than 10 3 Pa at 1500 C). For these reasons, SiC f /SiC composites are being considered increasingly as promising candidate for the application of high temperature technologies, such as various engines and gas turbine structural components. 1, 2) Acceptable performance of SiC f / SiC composites at high temperature depends upon judicious selection and incorporation of ceramic fiber reinforcement with the proper chemical, physical and mechanical properties. However, the mechanical properties and microstructure of reinforced fibers are very sensitive to the service environments. [3] [4] [5] [6] The oxidation resistance of SiC f /SiC composites is strongly dependent on their passivation (formation of SiO 2 film) in high temperature environment. However, in combustion conditions, the production of alkaline (basic) melts can dissolve the SiO 2 film and subsequent oxidation can result in the degradation of the microstructure and mechanical properties of SiC f /SiC composites. Therefore, there is a need to investigate corrosion and oxidation resistance of SiC fiber in alkaline melts.
In present study, in order to investigate the hot corrosion and oxidation and their effects on tensile properties of HiNicalonÔ fiber which contains excess carbon (C/Si ¼ 1:39 atomic), 7) the Hi-NicalonÔ fiber coated with a film of varied alkaline melts was oxidized and corroded in air. HiNicalonÔ fiber is a continuous, multi-filament fiber bundle with 500 filaments of $14 mm diameter, and density of 2.74 Mg/m 3 . This fiber type has been commercially available and used for SiC f /SiC composites fabrication for several years. Furthermore, sufficient data have been obtained for the Hi-NicalonÔ fiber and composites made with this fiber that it now represents a standard for comparison of oxidation. Therefore, in this study, the Hi-NicalonÔ fiber was selected to establish a base line for assessing the corrosion resistance of other fiber types.
Experimental Procedure
The sizing on the fiber surface was removed by soaking the fiber yarn in acetone for 2 days and followed by washing in boiling water for 1 min before specimen preparation. The desizing fibers were coated by completely immersing the fiber yarn in the saturation solution of alkaline melts (prepared in boiling water) for about 2 min. Subsequently, the fiber yarn coated with the alkaline melts (4:5 Â 10 À3 kg/m 2 ) was dried at 80 C in vacuum oven. In order to have a wide simulation of combustion conditions and to study the corrosion effect of different alkaline melts on this fiber in air, the corrosive species used in present study were: Na 2 SO 4 , Na 2 CO 3 , Na 2 SO 4 + 10%Na 2 CO 3 , Na 2 SO 4 + 5%NaNO 3 . Since Na 2 SO 4 was the major constituent of deposits found in the gas turbine, 8) this species was selected for representative of the corrosion test in molten salts. In each condition, the 0.2 g fiber yarn with a film of alkaline salts was exposed in air (dew point: 16 C) at 0.1 MPa total pressure at 1000 C. The holding time at terminal temperature was varied from 2 to 5 h.
The hot corrosion and oxidation of Hi-NicalonÔ were investigated by measuring the mass loss. After removing the reaction products of corroded fibers by HF and water washing (almost no effect on the mass change of uncorroded SiC fiber by HF washing), the mass loss was measured by using an electronic balance with a resolution of 0.1 mg. Before and after removal of the reaction products, both optical and field emission scanning electron microscopy (FE-SEM) were used to examine the morphologies of fibers. A rotating anode (CuK radiation) X-ray diffractometer (Rigaku) operating at 40 kV and 20 mA was used to identify the crystal phases in the fibers. All of the scans were run at 2 /min with a time interval of 0.05 s for sampling.
To measure the inherent loss in filament strength that resulted from such exposure, the tensile strength was evaluated on the corroded fiber after removal of reaction products. The room temperature tensile strength of the individual filaments was measured by a method as illustrated in previous study.
9 ) The fiber mean diameter after corrosion was determined by SEM examination. The total number of test for each condition was varied from 20 to 30. After tensile test, SEM was used to characterize the fracture surface and identify the fracture origin of fiber fragment. The twoparameter Weibull theory was applied to characterize the tensile properties of SiC fibers. The frequency of fiber failure, F i , at the nth ranked sample from a total of N specimens, was obtained from the mean rank method as F i ¼ n=ðN þ 1Þ.
3. Result 3.1 Mass loss of fibers corroded in different alkaline melts Figure 1 showed the corrosion data presented in plot of mass loss/unit area vs exposure time. Note the surface area was calculated based on the mass, density and diameter of fiber. The specific mass loss in each condition was nearly linear, but a relatively high value was also observed in the initial stage. In the initial stage, the specific mass loss in different alkaline melts was in following order: Na 2 CO 3 > mixtures > Na 2 SO 4 . With increasing the exposure time, the difference in specific mass loss in different alkaline melts became small. Especially for the fiber corroded for 5 h, the specific mass loss for the fiber corroded in different alkaline melts was very similar. Figure 2 compared the tensile properties for the fibers corroded in different alkaline melts, where the failure probability was plotted as a function of the fiber strength.
Strength degradation of fiber corroded in different alkaline melts
The calculated Weibull mean strength was shown in Fig. 3 . The strength retention decreased with increasing the exposure time and the significant strength loss was observed for the fiber corroded in both Na 2 SO 4 and Na 2 CO 3 for 5 h. Particularly, it was much severe in latter case. The mean strength (1.41 GPa) of fiber corroded in sodium sulfate for 5 h was reduced to about 57% of original value (as received fiber: 3.25 GPa), but in sodium carbonate case, it was reduced to 86% of original value (Fig. 3) . Figure 4 showed the XRD pattern and indicating the primary constituent of reaction products was tridymite formed from vitreous silica. 10) Note also no sulfate and carbonate was detected, indicating the alkaline melts have decomposed completely. After HF washing, no reaction products remained and XRD pattern was quite similar to that of as-received fibers. Figure 5 was an optical micrograph of the surface of the products for the fiber corroded in Na 2 SO 4 for 5 h. Corrosion products showed a glassy appearance and contained many trapped bubbles. After the entire products were removed with HF, the corroded surface showed a different attack mode for fibers corroded in Na 2 SO 4 and Na 2 CO 3 melts. In former case, it showed extensive surface corrosion ( Fig. 6(a) ), but in latter case, the fiber surface was corroded more localized and many pits were formed on the surface (Fig. 6(c) ). Fractography of Hi-NicalonÔ fiber showed that the fibers corroded anisotropically and failed from extension of the surface flaw as shown in Figs. 6(b) and 6(d).
Microstructural characterization by XRD and SEM examination

Discussion
Based on the analysis of specific mass loss ( Fig. 1 ) and observation of surface morphologies (Fig. 6) , indicating the oxidation must be enhanced by the dissolution of protective silica film. The dissolution of silica film was started from the dissociation of salt melts (melting point: Na 2 SO 4 : 884 C, Na 2 CO 3 : 851 C, NaNO 3 : 307 C) and generation of Na 2 O by following reactions:
The sodium activity is a critical factor in the reaction with the protective SiO 2 . The sodium activity is much higher generated from sodium carbonate (activity: 9:7 Â 10 À4 ) than that of from sodium sulfate (activity: 4:6 Â 10 À12 ) because the sodium carbonate dissociates more easily than sodium sulfate.
11)
However, the corrosion effect in Na 2 SO 4 melt was comparable to that of in Na 2 CO 3 melt in this study (Fig. 1) . Therefore, the excess carbon must be responsible for this result. The excess carbon in this fiber can make the dissociation of Na 2 SO 4 becoming favored and enhance the sodium activity in Na 2 SO 4 by following reactions: 
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Bubbles These reactions could also be partially responsible for the rapid initial specific mass loss because of the presence of free carbon in the fibers with a high concentration close to the surface. 7) The reaction layer blanketed the fiber yarn and contained many trapped bubbles which were formed during the release of CO, CO 2 and SO 2 (Fig. 5) . The large bubbles likely formed when the smaller ones coalesce as they moved outward. Considering the Na 2 CO 3 case, the acidic SiO 2 is readily attacked by Na 2 O formed from the dissociation of Na 2 CO 3 by reaction (3) .
In addition to the longer time exposure, the mass loss was very similar for fibers corroded in different alkaline melts for 5 h (Fig. 1) . The enhanced sodium activity in Na 2 SO 4 could be one reason for this result, but there also had a high probability that mass loss was mainly caused by the oxidation due to depletion of melts on the fiber surface in this stage (small quantity of alkaline melts, 4:5 Â 10 À3 kg/m 2 ). As shown in Fig. 4 , no alkaline melts were detected. In this case, the thick silica layer could establish a reduced oxygen atmosphere at interface between the silica layer and SiC and result in the occurrence of active oxidation (kinetics: linear) in the presence of carbon. 13) In different alkaline melts, the composition of reaction products was different, which resulted in different oxygen diffusion coefficient. Eventually, it would lead to the different degree of SiC fiber degradation. The growth of silica layer on the fiber surface could be attributed to the enhanced oxidation under corrosive environments (Fig. 4) . On the other hand, large quantity of silica could also be formed from the decomposition of Na 2 OÁx(SiO 2 ) within the scale.
11)
Furthermore, due to the mismatch in coefficient of thermal expansion (CTE) between silica layer (>18 Â 10 À6 C À1 ) and SiC ($2:5 Â 10 À6 C À1 ), the cracks were formed within the scale on the surface of fiber corroded in Na 2 CO 3 for 5 h. The oxygen could be impregnated along the cracks leading to different attack mode as shown in Fig. 6 .
The strength of SiC fiber is closely related to the surface condition as explained in our previous study.
14 ) The critical surface flaw could cause the stress concentration under tensile state and limit the strength of Hi-NicalonÔ fiber as shown in Figs. 6(b) and 6(d). Furthermore, one must also consider grain boundary strength degradation caused by the diffusion of oxygen and corrosion species along the grain boundaries.
As for the oxidation and hot corrosion behavior in mixtures of alkaline melts, the addition of small amount of Na 2 CO 3 / NaNO 3 to Na 2 SO 4 can enhance the sodium activity. This has been observed in other study. 12) Possibly, the doping of sodium could cause the silica scale cracking and accelerate the oxygen penetration through the reaction products by bubble agitation and viscosity change. On the other hand, the sodium oxide activities are reference point only for the start of the reactions. As the reaction proceeds, the melt becomes more complex and the sodium oxide activities cannot be obtained easily.
Conclusion
The oxidation and hot corrosion of Hi-NicalonÔ fiber coated with film of alkaline melts was investigated at 1000 C. The specific mass loss and strength retention after hot corrosion indicated that the corrosion effect of HiNicalonÔ fiber in sodium carbonate was more severe than in sodium sulfate. The corrosion effects of Na 2 SO 4 could be enhanced by addition of small amount of Na 2 CO 3 /NaNO 3 . In the Na 2 SO 4 case, excess carbon in fiber promoted this process. Performance degradation of SiC fiber was mainly related to the interaction between the alkaline melts and silica scale. In addition, the mass loss in this study must be overestimated because of the flow away of very small amount of fiber fragment during HF washing.
